Abstract: Motivated by the recent diphoton excess reported by both the ATLAS and CMS collaborations, we provide a model-independent combination of diphoton results obtained at √ s = 8 and 13 TeV at the LHC. We consider resonant s-channel production of a spin-0 and spin-2 particle with a mass of 750 GeV that subsequently decays to two photons. The size of the excess reported by ATLAS appears to be in a slight tension with other measurements under the spin-2 particle hypothesis.
Introduction
The ATLAS and CMS collaboration have found an excess in the search for a diphoton final state after the first 13 TeV data have been analyzed [1, 2] . The excess points to a resonance with an invariant mass of about 750 GeV with a local significance of 3.6 σ (ATLAS) and 2.6 σ (CMS).
The simplest explanation of the excess is through resonant production of a spin-0 or spin-2 particle with a mass of around 750 GeV that decays to photons. A spin-1 resonance is excluded by the Yang-Landau theorem [3, 4] . There have been many attempts to explain the excess both via direct production of the 750 GeV resonance or through a heavier particle that decays on-shell to a pair of 750 GeV scalars finally decaying to photons ; see Ref. [51] for a recent review.
In this letter we investigate whether the interpretation of the diphoton excess via resonant s-channel production is compatible with the full set of Run-I data [52] [53] [54] for both the spin-0 and the spin-2 particle hypotheses. We work in a model-independent framework in which we parametrize the diphoton rate by the cross section and branching ratio to photons and perform a simple statistical test to assess the compatibility between different measurements.
This work is structured as follows. In Section 2 we explain the methodology that we have employed, in Section 3 we present the results and finally we give our conclusions in the last section.
Methodology
We assume that the diphoton signal is resonantly produced,
where X denotes either a spin-0 or spin-2 particle. Here, we consider the case where the resonance is only produced via gluon fusion [55] ,
where we have introduced the dimensionless variable τ = m 2 X s . J and g(x, m 2 X ) denotes the spin of the resonance and the gluon distribution function of the proton, respectively. Note that the gluon luminosity ratio between 13 and 8 TeV is 4.7 for m X = 750 GeV [56] . The branching ratio into the diphoton final state is given by
where Y denotes all other particles which can couple to the resonance X. Due to the much lower increase in the u and d quarks luminosity between √ s = 8 and 13 TeV of 2.5-2.7 [13] , the production in quark-antiquark annihilation would lead to significant tensions between 8 and 13 TeV results as we will see later. For this reason we will ignore this possibility in the following. This is different for heavy quark initial states: the cross section increase for producing a 750 GeV resonance is 5.1-5.4 for charm and bottom initial states, hence numerically close to the enhancement in gluon-gluon production. Therefore, our results would be qualitatively valid also in this case, albeit with a reduced tension, for a detailed analysis see Ref. [57] . 1 A sample of signal events for the spin-0 case was generated with POWHEG [59] [60] [61] at the parton level and interfaced with Pythia 6.4 [62] for the parton shower and hadronization with the CTEQ6L1 parton distribution function [63] . A sample for the spin-2 case was generated with Herwig++ 2.7.1 [64] using the MSTW parton distribution functions [65] . For both hypotheses we assume a decay width of 45 [69] with heavily modified detector tunes and it determines the number of expected signal events passing the selection cuts of the particular analysis. The cuts of the ATLAS and CMS analyses are shown in Table 1 . We do not follow the approach of both experiments where the expected signal plus background distribution is fitted to the measured m γγ distribution. Instead, we just perform a simple cut-and-count study. Our simplified implementation of the analysis certainly leads to a reduced sensitivity, however, our conclusions will still be viable and can be regarded as more conservative. As a result, the signal regions of all employed searches are defined as 700 < m γγ < 800 GeV, except for the ATLAS exotic search [53] where we use the original signal region with 719 < m γγ < 805 GeV. Since the size of the mass bin in the signal regions are relatively large, our conclusions do not depend on the exact value of the total decay width as long as we do not assume a very broad resonance.
ATLAS CMS
at least one γ with |η γ | ≤ 1.44 In order to test the implementation of the analyses within the CheckMATE framework we performed a number of tests. For all searches, the acceptance times efficiency is typically provided in the publications and this can be compared to our Monte Carlo (MC) simulation.
In Table 2 we compare our efficiency with the efficiency computed by the experimental collaboration. In addition to the efficiency numbers, we provide additional information for each channel. The relative differences between the efficiencies obtained by CheckMATE and the one reported by the experiments are typically around 10%.
The goal is to perform a statistical test of the spin-0 or spin-2 hypothesis taking the 8 and 13 TeV data of the ATLAS and CMS experiment as input, separately as well as combined.
The fit was performed with the χ 2 test statistics. 2 Namely,
where
Here, n i is the number of observed events, µ i,b is the expected number of background events, µ i,s is the expected number of signal events, σ i,stat and σ i,b are the statistical and systematic uncertainty on the expected number of background events for each signal region, i. Table 3 . The number of events in each signal region for production of a spin-2 particle: observed, SM background, our 'best fit' according to the MC results and the ∆χ 2 contribution. Each simulated signal region is compared to three cases, where the best-fit point is obtained using: ATLAS13 data only; CMS13 and ATLAS13 combined; ATLAS and CMS from 8 and 13 TeV combined; see text for details.
(c.f. Table 3 ) and a 10% error on the CheckMATE event yield. For the statistical error we assume that it follows the Poisson distribution.
The fit is performed for three cases: using only ATLAS 13 TeV result; using both measurements at 13 TeV [i = 'ATLAS13', 'CMS13 EBEB', 'CMS13 EBEE' in Eq. (2.4)]; and finally using 13 TeV results and exotic searches at 8 TeV [53, 66] 
We do not combine searches from the same experiment at 8 TeV as these are highly correlated. In the following, we will see that the ATLAS exotic search at √ s = 8 TeV has a better reach compared to the other 8 TeV diphoton searches. Namely, a potentially higher sensitivity and well defined signal regions which motivated our choice. We use the following conventions for different searches and signal regions: ATLAS13 [1] ; CMS13 [2] EBEB, EBEE for the barrel end-cap signal regions; ATLAS8 HIG [52] ; ATLAS8 EXO [53] ; CMS8 EXO [66] ; and CMS8 HIG [54] .
Results and discussion
Our results are summarized in Table 3 for the spin-2 resonance and in Table 4 for a spin-0 boson. For each signal region we give the observed number of events, the expected number of background events, its total error and the results for three different fits using different sets of measurements. For example, using the ATLAS13 measurement only, we expect 16.5 signal events for the best-fit point solution which translates to 40.0 signal events in the ATLAS8 EXO search corresponding to a CL S value of 8.4 · 10 −4 [70] which is clearly excluded (see columns 4 and 5 of Table 3 ). Already at this point we can say that the 8 TeV ATLAS result is in tension with other measurements under our model hypothesis.
The results are shown in the σ(pp → X)-BR(X → γγ) plane in Figures 1-3 Table 4 . The number of events in each signal region for production of a spin-0 particle: observed, SM background, our 'best fit' according to the simulation results and the ∆χ 2 contribution. Each simulated signal region is compared to three cases, where the best-fit point is obtained using: ATLAS13 data only; CMS13 and ATLAS13 combined; ATLAS and CMS from 8 and 13 TeV combined; see text for details. (a) (b) (c) Figure 1 . The distribution of the χ 2 test as a function of BR(X → γγ) and σ(pp → X), where X is a spin-2 particle, for (a) ATLAS13 [1] ; (b) ATLAS8 HIG [52] ; and (c) ATLAS8 EXO [53] . The colors denote: purple 1-σ compatibility; blue 2-σ compatibility; and cyan 3-σ. The dots represent sample best-fit points: the black point corresponds to the fit using only ATLAS13, the white point using both 13 TeV results and the red point for a combination of 8 and 13 TeV.
Eq. (2.4). Note that for 8 TeV searches the horizontal scale is the same as for 13 TeV but in the calculation of the χ 2 and the respective event numbers, the rescaled value is used with the correction factor of 4.7 due to a gluon luminosity ratio between 8 and 13 TeV for a 750 GeV particle [56] . In all plots, different colors denote different level of agreement: purple for 1-σ compatibility, blue for 2-σ, and cyan for 3-σ. In each plot we also show example points that minimize the χ 2 function: the black point corresponds to the fit using only ATLAS13 data, the white point using both 13 TeV results and the red point for a combination of 8 and 13 TeV data. However, one should keep in mind that in each case we obtain a hyperbolic line that minimizes the χ 2 .
In Figure 1(a) we show the result of the fit using the ATLAS13 data set. The black point denotes one of the good solutions, with σ = 45 fb and BR(X → γγ) = 37%. This can be (a) (b) (c) Figure 2 . The distribution of the χ 2 test as a function of BR(X → γγ) and σ(pp → X), where X is a spin-2 particle, for (a) CMS13 [2] ; (b) CMS8 HIG [54] ; and (c) CMS8 EXO [66] . See text and Figure 1 for more details. Figure 3 . The distribution of the χ 2 test as a function of BR(X → γγ) and σ(pp → X), where X is a spin-2 particle, for a) combined measurements at 13 TeV ATLAS13 [1] and CMS13 [2] b) combined measurements at 8 and 13 TeV: ATLAS8 EXO [53] , CMS8 EXO [66] , ATLAS13 [1] and CMS13 [2] . compared to the remaining measurements. In case of the ATLAS8 HIG search, Figure 1(b) , we see that this point lies just outside the 2-σ contour. When moving to the ATLAS8 EXO search, Figure 1(c) , there is a clear tension above 3-σ as was already seen in Table 3 . A similar comparison is made for CMS measurements in Figure 2 . Interestingly, it appears that there is also a significant tension between the ATLAS13 and CMS13 measurements. The 8 TeV CMS searches show compatibility at the 2-σ level.
Finally, in Figure 3 (a) we present a fit to both 13 TeV results. Again, the best-fit point for ATLAS lies between the 2-and 3-σ contours. In Figure 3 (a) (b) (c) Figure 4 . The distribution of the χ 2 test as a function of BR(X → γγ) and σ(pp → X), where X is a spin-0 particle, for (a) ATLAS13 [1] ; (b) ATLAS8 HIG [52] ; and (c) ATLAS8 EXO [53] . See text and Figure 1 for more details.
to accommodate the ATLAS result point with other measurements. However, we want to stress that for the best fit solution of both 13 TeV results (white point) as well as for the best-fit solution for the combination of 8 and 13 TeV diphoton searches (red point), cf. Eq. (2.4), the compatibility is within the 1-σ band. Although we considered here only gluon initiated production, the case for quark initiated processes would result in an even bigger tension between 8 and 13 TeV data, since the luminosity ratio for theinitial state is 2.7 [56] .
In a similar fashion we also study the production of a spin-0 particle. The results are listed in Table 4 and in Figures 4, 5 and 6 . While the results generally follow a similar pattern as for the spin-2 case, the incompatibility between the ATLAS13 measurement and the remaining searches is drastically decreased, e.g. the best ATLAS13 fit solution for the spin-0 resonance corresponds to 28.1 signal events in the ATLAS8 EXO search with a CL S = 0.02. The most significant tension can be seen in Figure 6 (b) where the ATLAS result just lies below the 3-σ contour.
As already mentioned, there is a flat direction in the χ 2 minimum. This is clear since we have several measurements, however, of the same quantity: σ(pp → X) × BR(X → γγ). The degeneracy for the best-fit solution would be lifted by a measurement of the rate of resonance decays into dijet final states. In the following we provide a functional shape of this minimum for each fit considered. The function that reproduces the minimum is given by
where a is a free parameter and can be determined from the data. The values of a with uncertainties for different cases are summarized in Table 5 .
We want to conclude this section with a few comments about other LHC constraints apart from the diphoton searches. In principle, constraints from dijet and diboson searches could also start to play a role at some point. Regarding the dijet searches, the experimental (a) (b) (c) Figure 5 . The distribution of the χ 2 test as a function of BR(X → γγ) and σ(pp → X), where X is a spin-0 particle, for (a) CMS13 [2] ; (b) CMS8 HIG [54] ; and (c) CMS8 EXO [66] . See text and Figure 1 for more details. Figure 6 . The distribution of the χ 2 test as a function of BR(X → γγ) and σ(pp → X), where X is a spin-0 particle, for a) combined measurements at 13 TeV ATLAS13 [1] and CMS13 [2] b) combined measurements at 8 and 13 TeV: ATLAS8 EXO [53] , CMS8 EXO [66] , ATLAS13 [1] and CMS13 [2] . bounds would typically be at the pb level [71] , which is well above the cross sections considered here. Similarly, the diboson searches become relevant for cross sections O(100) fb [72] . Moreover, those constraints can be avoided depending on exact model assumptions and as a consequence we omit the discussion of other final states.
Conclusions
In this work, we have tested the compatibility of the diphoton excess between the ATLAS and CMS diphoton searches at the center-of-mass energies of 8 and 13 TeV. We considered spin-2 spin-0 ATLAS13 13 TeV combined ATLAS13 13 TeV combined a [fb]
16.7 ± 6 6.8 ± 3 4.2 ± 2.6 11.4 ± 7 6.0 ± 2.5 4.2 ± 2 Table 5 . The values of the a parameter from Eq. (3.1) for a spin-2 and spin-0 resonance and different sets of fitted data: only ATLAS13; both measurements at 13 TeV; and the combination of 8 and 13 TeV data.
the resonant production of spin-0 and spin-2 particles. We presented our results in a modelindependent way parametrized in terms of the production cross section and the diphoton branching ratio. The main results of our study are summarized in Tables 3 and 4 as well as in Figures 3 and 6 .
We have found a slight tension between the best-fit solution of the spin-2 scenario for the ATLAS diphoton excess at 13 TeV and the other diphoton searches. In particular, with the exotic search of ATLAS at 8 TeV and the CMS result at 13 TeV where the discrepancy can be larger than 3-σ in some cases. However, this tension seems to be significantly smaller for the spin-0 hypothesis.
Finally, we provide a functional form of the relation between the cross section and branching ratio that parametrizes the best fit to the data summarized in Table 3 . This can be used in future analyses to quickly find whether the relation predicted in a particular model describes the data well.
Clearly, more data at 13 TeV will be needed to confirm or reject the existence of the excess. We are looking forward to the results of the ongoing Run-II.
